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論文内容の要旨
To avoid stresses in various types, plants display tropisms in response to environmental cues such as 
gravity and light. In roots, gravitropism has been extensively studied , while other tropic responses remain 
less well characterized. Recently, however, it has been demonstrated that roots respond to moisture 
gradients and display hydrotropism growing toward the side of higher water potential (Takahashi et al., 
2009). Molecular dissection of both gravitropism and hydrotropism in Arabidopsis (Arabidopsis thaliana) 
roots enabled us to identify some regulatory mechanisms, but we stil do not know how roots sense gravity 
or moisture gradient for the induction of those tropisms (Takahashi et al., 2009). According to the starch 
statolith theory for gravitropism in roots, itis considered that sedimentation of amyloplasts in the columella 
cells of the root cap provides a means for converting the gravitational potential energy into the 
sensor-activating kinetic energy, which then gives rise to a biochemical signal. Thus, starch-containing 
amyloplasts play an important role in sensing gravity. On the other hand, ithas been shown that sensing 
apparatus for hydrotropism in roots also resides in the root caps. It is also shown that amyloplasts in the 
columella cells rapidly degrade during hydrotropic response in Arabidopsis roots (Takahashi et al., 2003). 
It is therefore proposed that gravitropism interferes with hydrotropism, but hydrotropic response is induced 
or pronounced when amyloplast degradation reduces gravitropic response. It is very intriguing if roots 
possess such genuine ability to positively degrade amyloplasts for displaying hydrotropism and thereby 
surviving scarce water conditions. Here, a question arises as to whether amyloplast degradation is 
required for the induction of hydrotropism in roots or not. Also, itis important to know the mechanism by 
which amyloplasts degrade due to changes in surrounding water environment. 
In this study, 1 further characterized the degradation of amyloplasts in the columella cells of Arabidopsis 
roots for understanding how itis involved in hydrotropism and its interaction with gravitropism. Then , 1 
attempted to reveal the mechanistic aspects of the degradation of amyloplasts by analysis of gene 
expression and by cytological examination of organellar dynamism in the columella cells. 
Amyloplast degradation is not essential for hydrotropism but plays a role in its enhancement by 
reducing gravitropic response 
Figure 1A shows the time-course studies of hydrotropic response of Arabidopsis roots and amyloplast 
degradation in the columella cells of hydrotropically stimulated roots. Roots of Columbia (wild type) grew 
down in the humidity-saturated air, whereas hydrotropic response commenced within 2 h bending the roots 
toward the water-rich agar block in the presence of moisture gradient. The tip of the hydrotropic創Iy
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responding root reached the bottom 
surface of the agar block by 8 h after the staパ of
hydrostimulation. Likewise , amyloplast degradation in 
the columella cels began within 2 h, and the amount of 
amyloplasts became minimum 6 to 8 h a代er
hydrostimulation (Fig. 1 B). It has been repo付ed that 
amyloplast degradation in the columella cells occurs not 
only following hydrotropic stimulation (with moisture 
gradient) but also systemic treatment with water stress 
(Takahashi et al. , 2003). Also , roots of a starchless 
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Flgure 1. The time-course studJes of hydrotropic response In Arabidopsis 
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mutant, pgm1 , is known to show a reduced gravitropism and an enhanced hydrotropism (Takahashi et al. , 
2003). These results suggest that degradation of amyloplasts is not a prerequisite for the induction of 
hydrotropism in roots. To verify this idea , 1 examined whether amyloplast degradation in the columella cels 
takes place in two ahydrotropic mutants of Arabidopsis , miz-kussei1 (miz1) and miz2, whose roots show 
normal gravitropic response. The results showed that morphology of the columella cells and amyloplasts of 
the two mutants did not differ from those of the wild type , and that amyloplast degradation occurred in 
response to hydrotropic stimulation as in the wild type. Inaddition , 1 found that amyloplasts in the columella 
cells were degraded in the roots treated with berferdin A (BFA) , an inhibitor of the GNOM-mediated vesicle 
trafficking. BFA is known to inhibit both hydrotropism and gravitropism in Arabidopsis roots (Miyazawa et 
al. , 2009) ー
These results support the idea that amyloplast degradation is not essential for the induction of 
hydrotropism in Arabidopsis roots. Because gravitropic response interferes with hydrotropism and 
because amyloplasts play an important role in gravisensing , it is conciuded that amyloplast degradation 
accelerates hydrotropic response by reducing gravitropic response. 
Amyloplast degradation in the columella cells is accompanied with modification of organellar 
dynamism 
It was postulated that starch-degrading enzymes were involved in the water-stress-induced degradation 
of amyloplasts in the columella cells. 1 therefore analyzed expressions of genes of enzymes such as 
α-amylases ， -ﾟamylases and isoamylases that could be involved in the degradation of amyloplast starch 
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However, expressions of those genes did not change substantially in the hydrotropically stimulated roots of 
Arabidopsis. Also , 1 found that an inhibitor of protein synthesis , cycloheximide, caused amyloplast 
for amyloplast degradation in the columella cells. 
degradation under humidity-saturated conditions. This implies that synthesis of new protein is not required 
To obtain a clue to understand the 
mechanism of the water-stress-induced 
degradation of amyloplasts , 1 next conducted 
cytological works using a transmission electron 
microscope (TEM) and a light microscope. 
Figure 2A shows micrographs of columella cells 
of the hydrotropically stimulated and control 
roots. Under humidity-saturated conditions , 
nucleus located near upper ceiling (to the 
proximal end) , while amyloplasts were sediment 
on the bottom (to distal end) of the cell. Also , 
Flgure 2. Organellar dynam目m in the columella cells of water.stressed roots of Arabidopsls 
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endoplasmic reticulum (ER) accumulated on the bottom flank of the cell , in which amyloplasts were 
sediment. However, there were alterations in the polarity of these organelles in hydrotropically stimulated 
roots. That is , in addition to amyloplast degradation , nucleus tended to move toward the middle or bottom 
flank, ER dispersed al around the cytoplasm , and the cells were more vacuolized. Interestingly, the 
confocal laser scanning microscopy of a transgenic Arabidopsis, GFP-HDEL, which expresses 
ER-Iocalized GFP, showed that developed vacuole were surrounded by the dispersed ER (Fig. 2B) 
To examine the role of cytoskeleton in ER localization , Arabidopsis roots were treated with latrunculin B 
(LatB) , a depolymerizing agent of actin microfilaments. Columella cells of the LatB-treated roots under 
humidity-saturated conditions showed ER al around the cytoplasm as seen in the water-stressed rootS. 
However, neither vacuolization nor amyloplast degradation occurred solely by LatB treatment. 1 conducted 
proteomic analysis of Arabidopsis roots grown under water-saturated conditions and the roots 
hydrostimulated by moisture gradients, using a MALD卜TOF MS/MS. Of those proteins detected , 
expression of profilin 1, an actin-binding protein that might interact with ER, was decreased substantially 
by hydrostimulation. These results suggest the role of actin played for ER dynamism in the water-stressed 
roots , although its relationship to the dynamisms of other organelles is not known 
ハU??
A possible involvement of autophagy in the water-stress-induced degradation of amyloplasts in 
the columella cells 
Observation by TEM revealed that some amyloplasts were incorporated into the developed valuoles 
and degraded in the columella cells of the hydrotropically stimulated roots (Fig. 2A). Furthermore , 
hydrostimulation caused a change in ER localization , which could be a step for supplying membranes for 
autophagosome formation (Tooze and Yoshimori , 2010). These dynamisms of organelles appeared to be 
a part of autophagy-like process that was known to deliver organelles in membrane-bound vesicles to 
vacuole and digest them by a variety of hydrolases. Accordingly , 1 analyzed the effects of osmotic stress 
and hydrotropic stimulation on the expression of AtA TG 18a gene that was known to be essential for the 
induction of autophagy under oxidative stress and senescence (Xiong et al. , 2005). The results showed 
that AtA TG18a expression increased within 1 h after osmotic stress , and its high level was maintained 
during the treatment for 8 h. Inhydrotropically stimulated roots, AtA TG 18a expression became distinct 2 to 
6 h after hydrostimulation , and the level decreased 8 h after hydrostimulation when the root tip reached the 
water-rich agar block. Expression of another gene DREB2A adopted as a maker for osmotic stress was 
also induced by both osmotic stress and hydrotropic stimulation in similar manner to that of AtATG18a. 
These observations suggest that autophagy pa出cipates in the degradation of amyloplasts in the columella 
cells of the water-stressed roots. Further studies are necessary for verifying this hypothesis, but it is 
possible that alteration of ER dynamism and vacuole development caused by water stress are involved in 
phagosome formation for amyloplast degradation in the columella cells of Arabidopsis roots (Fig. 3) 目
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Flgure 3. A mod副 forthe autophagy.mediated degradatlon of starch and amylopla引
論文審査結果の要旨
本研究は，根の水分屈性の発現時に，コルメラ細胞のアミロプラストが分解されることに
着目し，根の水分屈性とアミロプラスト分解の因果関係を検証するとともに，水分勾配に応
答してアミロプラストが分解される仕組みを解明することを目的として行われた。
本研究は，まず，シロイヌナズナの根では，水分屈性の発現とともにアミロプラストの分
解が認められ，アミロプラスト中のデ、ンフ。ン量は水分勾配刺激6時間目に最小となり， 8時間
目には，根が水分屈性によって再び高水分側に達すると、デンプン量を部分的に回復させる
ことを示し，これを実験系として確立した。その上で，この条件でのアミロプラストの分解
は，水分屈性の発現に必須で、はなく，水分勾配処理が水ストレスとして作用する結果として
誘導され，それによって重力感受性を低下させ，重力屈性による干渉を緩和し，水分屈性の
発現を促進する可能性を示した。次に，コルメラ細胞を細胞学的に解析し，水分勾配処理に
よって，アミロプラストの分解に加えて， 1) 顕著な液胞化， 2) 小胞体(ER)の局在変化， 3) 
核の移動， 4) アミロプラストの液胞への取り込みの生ずることを見出した。とくに， ERは細
胞質全体に散在するようになり， ERマーカーとして用いたGFP-HDELの発現解析からは， ER 
が液胞を取り囲む状態を認めた。また，アミロプラストを部分的に取り込んだオートファゴ
ゾーム様のオルガ、ネラも観察された。さらに，このERの局在がアクチンフィラメントに依存
した現象であることを示すとともに，プロテオーム解析の結果から，水分勾配処理によっ
て，アクチン結合タンパク質としてERと相互作用することの知られるprofi1inl が顕著に減少
することを明らかにした。これらの結果から， ERを介したオートファゴゾーム形成が，アミ
ロプラストの液胞への取り込みと分解に関わる可能性が示された。これらのオルガネラ動態
の変化は，浸透圧ストレスによっても誘導されることがわかった。そこで，オートファゴゾ
ーム形成に必須のAtATG18α遺伝子および、水ストレスマーカー遺伝子のDREB2Aの発現に対す
る水分勾配処理と浸透圧ストレス処理の影響を解析した結果，これらの遺伝子の発現はいず
れの処理によっても誘導され，また，根が水分屈性によって高水分側に達すると，これらの
遺伝子発現が顕著に低下することもわかった。以上の結果は，水ストレスがコルメラ細胞の
オルガネラ動態に影響し，オートファジーによってアミロプラストを分解することを強く示
唆するものである。尚，中山真由美は，本論文の最終試験後にオートファジー突然変異体を
用いた実験によって，本仮説を検証することに成功している。
以上の成果は，根におけるオートファジーによるアミロプラスト分解を明らかにし，その
水分屈性の発現における役割を明確にしたもので，また，植物のストレス環境への適応に関
する今後の研究に大きな波及効果をもたらすものであり、中山真由美が自立して研究活動を
行うに必要な高度な研究能力と学識を有することを示している。したがって，中山真由美が
提出した論文は，博士(生命科学)の博士論文として合格と認める。
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